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To · test our hypothesis and to achieve our overall long term objective, the in vitro cell 
culture studies to be conducted as part of this two-year effort are designed to continue the 
development of a tissue-engineered, living arterial wall model and to use this to study vascular 
EC bioiogy under well defined, physiologic conditions. The specific aims build on our 
accomplishments to date and involve the use of our existing one-dimensional •slab" model of a 
reconstituted arterial wall in studies of vascular EC biology, including both steady and pulsatile 
laminar flow conditions. They also involve the further development and optimization of our 
model, including its extension to a tubular configuration. Although the proposal for this current 
project requested four years of funding, the award was only for two years. Thus, though the 
current effort builds on the following three specific aims, the focus in each aim is very 
selective. The three specific aims are: 
1 • To continue to evaluate our reconstituted, one-dimensional "slab" arterial 
wall model under both steady and pulsatile flow conditions, Including studies 
using the model In its existing form as well as with future, evolutionary 
changes Incorporated, with a focus on: 
• extracellular matrix 
• signal transduction 
• vasoactive substrance secretion 
2. To further develop and optimize the three-dimensional SMC collagen matrix 
structure Including: 
a. the determination of the composition required to achieve appropriate 
elastic characteristics for this three-dimensional SMC matrix structure. 
b. the optimization of vascular SMC growth and density In the three-
dimensional matrix structure; 
' ) 
.. 
c. the determination of the conditions necessary to maintain vascular SMC In 
a contractile phenotype 
3 . To extend our existing one-dimensional "slab" model of the arterial wall to 
a tubular configuration with Its evaluation focusing on: 
• vascular cell morphology 
• endothelial cell turnover 
• vasoactive substance secretion 
• plat~let adheslvlty 
There are two important underlying assumptions to this proposed effort. One is that, in 
the study of vascular biology in cell culture, the use of a static, no flow environment with cells 
plated on tissue culture plastic represents an abnormal, non-physiologic condition. Through 
the research under the present grant, a model arterial wall has been developed which can be 
used in studies of vascular biology, including those focused on hemodynamic effects, on the 
interaction of vascular cells both with each other and with components of the extracellular 
matrix, and on transport across the endothelium. The development of this reconstituted blood 
vessel wall needs to be continued and further evaluated; however, it represents a further 
engineering of the cell culture environment so as to make it more physiologic. 
Perhaps even more important, however, the development of such a· reconstituted blood 
vessel in culture and the studies proposed will provide important information which can help 
guide the development of tissue-engineered vascular prostheses. As will be discussed in the 
next section, on-going efforts include those focused on the development of a hybrid graft (e.g. a 
synthetic material pre-seeded with an inner lining of EC prior to implantation) and those where 
the goal is to reconstitute an entire living blood vessel in culture, including both EC and SMC. It 
is the latter approach which is being pursued at Georgia Tech; however, in both of these efforts 
a major issue is the achievement of an endothelium with functional integrity. In the current 
two-year effort we plan to develop a tubular configuration of our current model and begin to 
evaluate this. 
In the co-culture model we have developed, porcine aortic SMC are seeded with soluble 
rat tail collagen type I, and the collagen is allowed to polymerize in order to obtain a three-
dimensional matrix with SMC. The cells bind to the collagen fibers and contract the gel to a final 
area which depends on many factors including the number of SMC seeded. Once the collagen 
lattice has fully contracted, porcine aortic EC are seeded at a very high cell density, with the 
cells rapidly becoming confluent. EC grown on collagen gels have been shown to secrete their 
own ECM, thus no proteins were layered underneath the EC. 
The most important achievement to date has been the attainment of a quiescent EC 
monolayer. The culture of EC on top of gels of collagen type I resulted io a dramatic shutdown of 
cell growth. Previous reports have demonstrated a higher rate of cell turnover in EC cultured 
on adsorbed collagen compared to EC on plastic. This suggests that the growth inhibition 
observed in EC on collagen gels was induced by both the three-dimensional structure of the 
matrix and the organization of the collagen into fibers. These results emphasize the role of 
tension-dependent interactions between EC and the ECM which may be involved in the regulation 
of cell growth and differentiation as it was previously demonstrated with capillary EC. When EC 
and SMC were grown in co-culture, similar values of EC thymidine uptake were obtained, with 
there being only a slight further decrease in EC growth. 
Porcine aortic EC cultured on plastic and exposed to shear stress exhibited a decreased 
growth rate. This decrease, which is on the order of 40°/o, is consistent with results obtained 





the cells. Experiments using the bromodeoxyuridine incorporation technique suggest that 35 
cpm/1 000 cells corresponds to a population of approximately 1 o/o dividing cells. Flow thus was 
able to decrease the number of dividing cells from 4°/o to 2.5°/o suggesting that, although 
important, it is not enough to bring the cells into a growth state similar to that found in vivo. 
When EC co-cultured with SMC were exposed to shear stress, no significant further 
decrease in EC growth rate, as compared to static co-culture, was observed. Thus, the measured 
EC growth rate for both cases represented a factor of five decrease as compared to PAEC on 
plastic. This corresponded to the presence of approximately 1 o/o dividing cells and is a number 
very similar to that found in the endothelium of blood vessels, indicating that ECM proteins in a 
fibrous form may be a prerequisite for the conservation of a differentiated, quiescent state of 
the endothelium. With such low growth rates, any effect of flow on the growth rate of co-
cultured EC obviously would be difficult to observe. 
Much of our effort in the last year has gone into trying to better understand the 
characteristics of our SMC-seeded collagen gel. From a biological point of view, it will be 
important to understand the relationship of the mechanical organization of the three-
dimensional collagen matrix with the resident SMC structure and function. Smooth muscle cells 
are being studied in three types of model systems: (a} floating matrices where tension is 
isotropic, (b) bound matrices where tension is anisotropic, and (c) stress-relaxed matrices 
where tension is rapidly dissipated by mechanical release. The effects of these mechanical 
forces on SMC orientation, phenotypic morphology, cytoskeletal architecture and actin is9form 
intracellular localization are being examined by immunofluorescence and confocal laser 
scanning light microscopy. Also, scanning, transmission, intermediate voltage and immunogold 
electron microscopy are being used to visualize the interrelationships among ECM and SMC. The 
mechanisms by which SMC remodel ECM is studied by examining secretion of matrix 
components and, particularly in stress-relaxed matrices, the release of intrcellular proteins 
such as actin into the matrix. Proteins released into the matrix are examined by SDS-PAGE and 
immunoblotting. This remodeling and associated ECM-SMC interactions are important not only 
in embryogenesis and in maintenance of vasomotor tone in the vascular system, but also in 
pathological conditions such as atherosclerosis in which SMC modulate from a contractile to a 
synthetic phenotype with concomitant increased matrix synthesis. 
From a mechanical point of view, the material properties of the SMC-seeded collagen gel 
are being studied using uniaxial tensile and stress relaxation tests. The uniaxial tensile testing 
is performed by displacing the specimen and storing the force and particle location information. 
This process is continued until the gel breaks. In the analyses, the new thickness and width are 
calculated. The force exerted by the gel and the new cross-sectional area are then used to 
calculate cauchy stress and green strain. The stress relaxation test is performed by applying a 
step change in strain to the specimen. The new particle location and the time varying force are 
then stored. This information is then used to find cauchy stress versus time. In the 
preliminary studies conducted to determine the mechanical properties of the collagen-smooth 
muscle cell lattice, it has been found that the material exhibits very nonlinear, plastic-like 
material responses. The critical breaking stress of the gel is largely dependent on seeding 
density and the variation of the stress versus strain curve depend on strain rate. For example, 
gels seeded with an innoculum of 1 million cells had a critical breaking stress of 23,054 ± 
1620 N/m2 and 7346 ± 1124 N/m2 for the stain velocities of 2.3 mm/sec and 0.13 mm/sec, 
respectively. Likewise, for gels seeded at 2 million cells, the critical breaking stresses were 
32,974 ± 5,277 N/m2 and 13,497 ± 2469 N/m2 for the fast and slow displacement rates, 
respectively. There is also a fluid-like response in the sense that in the stress relaxation 
studies, the lattice significantly relaxes after a step change in strain. When stress relaxation 
testing is performed on gels with the seeding densities of 1 and 2 million cells, the peak stresses 
seen are 12249 ± 2520 N/m2 and 5507 ± 778 N/m2, respectively. 
There is much work yet to be done on the optimization of collagen gels. One of the 
critical aspects yet to be investigated is the addition of an elastic material. Also the appropriate 
seeding density which most closely correlates to in vivo cell densities must be achieved in order 
to more closely mimic the material properties of blood vessels. Currently, emphasis is being 
placed on the development of techniques for the construction of tubular constructs. The initial 
techniques employed, although not necessarily optimal, have been successful. This effort 
continues, and it is for such tubular constructs that we are exploring options for incorporating 
elasticity into the material. 
Finally, two other areas of activity are as follows. First, we are interested in the shear 
stress regulation of the expression of the calcium/calmodulin-sensitive nitric oxide (NO) 
synthase protein and its mANA. Eventually, we plan to conduct studies using our co-culture 
model; however, the present studies were performed in bovine aortic endothelial cells (BAEC) 
to determine if this induction of NO synthase is accompanied by an enhanced NO production and to 
investigate mechanisms responsible for regulation of NO synthase expression by shear stress. 
Shear stresses of 15 dynes/cm2 for 3 hours resulted in a two-fold induction of NO synthase 
mANA content in BAEC as quantified by Northern analysis. A variety of cell signaling studies 
have been conducted. Particularly relevant to the shear stress regulation of NO and NOS is the 
use in these studies of the potassium channel antagonist tetraethylammonium chloride (3 mM), 
which prevented the increase in NO synthase mANA in response to shear. Also, nocodazole (5 
~g/ml), which blocks microtubule polymerization, abolished the shear-induced increase in 
mANA of NO synthase in both BAEC and in human aortic endothelial cells, while having no effect, 
or slightly increasing NO synthase mANA expression in non-sheared cells. From these results 
. and taken together with other studies, we conclude that shear-induced NO synthase mANA 
transcription is activated via potassium channel opening and subsequently involves 
microtubular polymerization. 
A second area of activity involves the use of oonfocal microscope imaging in our studies 
of cell signaling. Again, our long t~rm goal is to conduct such studies using our oo-culture 
model and for both steady and pulsatile flow conditions; however, our initial efforts have used 
only an endothelial monolayer exposed to steady flow. Endothelial cells are grown on collagen-
coated microscope slides and loaded with Fluo-3, a fluorescent calcium indicator. The cell-
covered slides are mounted within a parallel plate flow chamber specifically designed for 
confocal microsoopy. Intracellular calcium responses to flow in cell culture medium, with and 
without a chemical agonist (ATP}, are examined. The intracellular distribution of calcium over 
a monolayer of endothelial cells is assessed using image analysis of fluorescence intensity. 
Following initiation . of a low level flow (5 dyn em -2) in flow medium containing an agonist, 
there is a sustained elevation of calcium in most cells. In contrast, when no agonists are present 
in the flow medium there is a rapid, transient calcium flux in some cells and a slight elevation 
of calcium over the monolayer after the onset of flow. Further development of this flow system 
should facilitate study using our co-culture model of the artery wall. This would facilitate 
study of biological signaling mechanisms and may also be useful for investigation of aspects of 
shear stress implicated in the regulation of vascular biology and the development of 
atherosclerosis. 
Finally, at the time our previous grant, BCS-9111761, was ending and our new, 
current grant was starting, a big turnover in the personnel in my laboratory occurred. This 
was due to four students finishing their Ph.D.s Those working on our current grant thus 
represent a new team. New graduate students are Eric Francke and Dror Seliktar, with Karen 
Schnetzer continuing. Also, Dr. Lu Hilenski has joined the laboratory as a resear~h faculty 
1 
member working in the area of tissue engineering and Ms. Jane Thomas is our new research 
technician. 
Although there is much still to do, we believe that we are making progress. This is 
evidenced by our recent publications and presentations. Those which have occurred since the 
submission of the proposal for our current grant are listed below. 
Publications arising from NSF Grants BCS-9111761 and BES-941201 0 during 
the period January 1, 1994 - June 30, 1995. 
Ziegler, T. and Nerem, A.M., "The Effect of Flow on the Process of Endothelial Cell Division," 
Arterjosclerosjs and Thrombosjs, Vol. 14, pp. 636-643, 1994. 
Ziegler, T. and Nerem, A.M., "Tissue Engineering a Blood Vessel: Regulation of Vascular Biology 
by Mechanical Stresses," J. Cell. Bjochemjstr:y, Vol. 56, No. 2, pp. 204-209, 1994. 
Nerem, A.M. and Sambanis, A., -Tissue Engineering: From Biology to Biological Substitute," 
Tjssye Engjoeerjog. Vol. 1, No. 1, pp. 3-13, 1995. 
Thoumine, 0., Nerem, A.M., and Girard, P.R., "Oscillatory Shear Stress and Hydrostatic 
Pressure Modulate Cell-Matrix Attachment Proteins in Cultured Endothelial Cells," In Vjtro 
Cell. Oev. Bjol., Vol. 31, No. 1, pp. 45-54, 1995. 
Ziegler, T., Alexander, R.W., and Nerem, R.M., "An Endothelial Cell-Smooth Muscle Cell Co-
Culture Model for Use in the Investigation of Flow Effects on Vascular Biology," Annals of 
Bjomedjcal Engjneerjng, Vol. 23, pp. 216-225, 1995. 
Girard, P.R. and Nerem, A.M., "Shear Stress Modulates Endothelial Cell Morphology and F-Actin 
Organization Through the Regulation of Focal Adhesion-Associated Proteins," J. Cell. 
Physiology, Vol. 163, pp. 179-193, 1995. 
Helmlinger, G., Berk, B.C., and Nerem, R.M., "The Calcium Responses of Endothelial Cell 
Monolayers Subjected to Pulsatile and Steady Laminar Flow Differ," Amerjcan Journal of 
Physjology: Cell Physjology (in press). 
Thoumine, 0., Ziegler, T., Girard, P.R., and Nerem, A.M., "Elongation of Confluent Endothelial 
Cells in Culture: The Importance of Fields of Force in the Associated Alterations of their 
Cytoskeletal Structure,· Experimental Cell Research, (in press). 
James, N., Nerem, A.M., and Harrison, D.G., "Effects of Shear on Endothelial Cell Calcium in the 
Presence and Absence of ATP," The FASEB Journal, (in press). 
Sato, M., Ohshima, N., and Nerem, A.M., .. Viscoelastic Properties of Cultured Porcine Aortic 
Endothelial Cells Exposed to Shear Stress," Journal of Bjomechanjcs, (in press}. 
Thoumine, 0., Nerem, R.M., and Girard, P.R., "Changes in Organization and Composition of the 
Extracellular Matrix Underlying Cultured Endothelial Cells Exposed to Laminar Shear ~tress; 
Laboratory lnvestjgatjon. (in press}. 
Helmlinger, G., Bark, B.C., and Nerem, R.M., ·Flow-Induced Calcium Responses in Endothelial 
Cells are Synergistically Modulated by Serum," J. Cell. Engr .. (in press). 
Presentations at conferences during the period January 1, 1994 • June 30, 
1995 on research conducted on NSF Grants BCS-9111761 and BES-9412010. 
Nerem, R.M., "Cellular and Tissue Engineering; Okayama International Medical Forum, 
Okayama, Japan, February 2-4, 1994. 
Nerem, R.M., ·vascular Endothelial Responses to Flow," Keystone Symposia on Tissue 
Engineering, Taos, NM, February 20-26, 1994. 
Ziegler, T. and Nerem, A.M., ·co-Culture of Endothelial Cells with Smooth Muscle Cells in a 
Matrix of Collagen: Effect of Flow on Cell Morphology," Keystone Symposium on Tissue 
Engineering, Taoi, NM, February 20-26, 1994. 
Nerem, A.M., •New and Potential Health Care Applications: Cellular and Tissue Engineering," 
Delange Conference on Biotechnology, Science, Engineering, and Ethical Challenges for the 21st 
Century, Rice University, Houston, TX, February 28-March 2, 1994. 
Nerem, A.M., "Cellular and Tissue Engineering," Thirteenth Southern Biomedical Engineering 
Conference, Rockville, MD, April 16-17, 1994. 
Nerem, A.M., "Cell Culture Studies of Flow Effects on Vascular Biology," FASEB Summer 
Conference on the Endothelium and Cardiovascular Control, Copper Mountain, CO, June 26-July 
1, 1994. 
Nerem, A.M., Helmlinger, G., Thoumine, 0., and Wiesner, T.F., •Regulation of Vascular 
Endothelial Biology by Flow," Symposium on Cell Mechanics and Cellular Engineering, Second 
World Congress of Biomechanics, Amsterdam, Netherlands, July 10-15, 1994. 
Thoumine, 0., Girard, P.R., and Nerem, A.M., ·oscillatory Shear Stress Modulates Cell-Matrix 
Attachment Proteins in Cultured Endothelial Cells," Second World Congress of Biomechanics, 
Amsterdam, Netherlands, July 10-15, 1994. 
Nerem, A.M., "Tissue Engineering: An Introduction," Second World Congress of Biomechanics, 





Ziegler, T. and Nerem, R.M., •Influence of Collagen Matrix, Smooth Muscle Cells and Shear 
Stress on the Morphology and Cytoskeleton of Endothelial Cells," Second World Congress of 
Biomechanics, Amsterdam, Netherlands, July 1 0-1994. 
Helmlinger, G., Berk, B.C., and Nerem, R.M., -rhe Modulation of Intracellular Free Calcium in 
Endothelial Cells Subjected to Various Fluid-Imposed Shear Stress and Media Conditions," 
Second. World Congress of Biomechanics, Amsterdam, Netherlands, July 10-15, 1994. 
Helmlinger, G., Berk, B.C., and Nerem, R.M., ·The Intracellular Calcium Response of Single 
Endothelial Cells Subjected to Fluid-Imposed Steady and Pulsatile Shear Stress," 3rd 
International Symposium on Biofluid Mechanics, Munich, Germany, July 16-19, 1994. 
Nerem, R.M., •Effects of Fluid Stresses on Cell Function,• Workshop on Biomaterials: Cellular 
Responses to Implanted Materials," La Jolla, CA, September 12-14, 1994. 
Nerem, R.M., •Endothelial Cell Calcium Dynamics in Response to Flow," American 
Physiological Society Conference on Mechanotransduction, Sarasota, FL, October 5-8, 1994. 
Wiesner, T.F., Helmlinger, G., Bark, B.C., and Nerem, R.M., •A Mathematical Model of Calcium 
Signaling in Endothelial Cells Responding to Flow," 1994 Annual Fall Meeting of the Biomedical 
Engineering Society, Arizona State University, Tempe, AZ, October 14-16, 1994. 
Greer, L.S., Vito, R.P., and Nerem, ·A.M., •Material Property Testing of a Collagen-Smooth 
Muscle Cell Latice for the Construction of a Bioartificial Vascular Graft," ASME International 
Congress and Exposition, Chicago, IL, November 6-11, 1994. 
Ziegler, T., Alexander, R.W., and Nerem, R.M., •Effect of Shear Stress on the Morphology and 
Growth of Endothelial Cells Co-Cultured with Smooth Muscle Cells," ASME International 
Congress and Exposition, Chicago, IL, November 6-11, 1994. 
James, N.L., Harrison, D.G., and Nerem, A.M., ·confocal Microscopy of Endothelial Cell Calcium 
Responses to Flow," American Heart Association 67th Scientific Sessions, Dallas, TX, November 
14-17. 
Nerem, R.M., •Tissue ·Engineering: From Biology to Biological Substitutes," 
NIST/NSF/NIH/FDA Workshop on Tissue Engineering: From Basic Science to Products, 
Gaithersburg, MD, November 22, 1994. 
Nerem, R.M., •Tissue Engineering a Blood Vessel," 4th China-Japan-U.S.A.-Singapore 
Conference on Biomechanics, Taiyuan, China, May 21-27, 1995. 
2 . Statement of Funds Estimated to' Remain Unobligated 
Currently $2,218.83 remains unobligated. This will be spent prior to the end of 
August. 
7. Updated Information on Animal Care and Use, Institutional 
Biohazard Committee, and Human Subject Certification 
None 
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indicated, are the original work of the signatories or individuals w·orking under their 
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material fact in this report or any other communication submitted to NSF Is a criminal offense 
(U.S. Code, Title 18, Section 1001). 
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PROJECT SUMMARY 
The research on this grant has been focused on the development of a 
blood vessel substitute which employs a co-culture of endothelial cells 
(EC) and smooth muscle cells (SMC). The major contributions from this 
work are as follows: (i)the establishment of an EC-SMC co-culture model 
of the blood vessel wall and the initial evaluation of this model, including 
under conditions of flow; (ii) the determination of the influence of flow on 
the ability of EC to synthesize and secrete biologically active molecules; 
(iii) the study of how the mechanical environment of EC effects the 
extracellular matrix; (iv) the systematic investigation of pulsatile flow 
effects and through this ~he determination of how EC respond to different 
types of flow environments, with the influence of purely oscillatory flows 
being particularly intriguing; (v) the determination of the influence of 
mechanical factors on the proliferative activities of vascular cells, 
including the process of cell division itself; (vi) the development of a 
uniaxial cyclic stretch device and initial studies on the influence of cyclic 
stretch on the biology of vascular SMC; and (vii) the determination of the 
influence of flow and the associated shear stress on intracellular 
calcium, an important second messenger, through both experimental and 
modeling studies. 
It should be noted that three graduate students worked on this 
project. Two of these are doctoral students, with one of these being a 
female. There also is one graduate student who worked on an M.S. degree. 
During the last five years, six received their Ph.D. degree based on work 
conducted with support of this project and its predecessor. ·In addition, 
several undergraduate students worked on the project. In addition, the 
unique interdisciplinary environment associated with the conduct of this 
project's activities should be noted. Not only is this a cooperative effort 
between an engineering school and a medical school, but it is one which is 
strongly integrated. As part of this integrated effort there are students 
from Georgia Tech working in the laboratories of Emory University School 
of Medicine and researchers from Emory working in the laboratories of 
Georgia Tech. 
Journal publications related to this NSF supported project over the 
past five years are provided in the attached list. 
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